Abstract Direct observations during intense warm-air advection over the East Siberian Sea reveal a period of rapid sea-ice melt. A semistationary, high-pressure system north of the Bering Strait forced northward advection of warm, moist air from the continent. Air-mass transformation over melting sea ice formed a strong, surface-based temperature inversion in which dense fog formed. This induced a positive net longwave radiation at the surface while reducing net solar radiation only marginally; the inversion also resulted in downward turbulent heat flux. The sum of these processes enhanced the surface energy flux by an average of~15 W m À2 for a week. Satellite images before and after the episode show sea-ice concentrations decreasing from > 90% to~50% over a large area affected by the air-mass transformation. We argue that this rapid melt was triggered by the increased heat flux from the atmosphere due to the warm-air advection.
Introduction
The most pronounced and robust observation of Arctic climate-change is the reduction in area and thickness of perennial sea ice [Holland and Bitz, 2003; Serreze and Barry, 2011] . Arctic sea-ice cover displays a declining trend over the entire satellite record [Serreze et al., 2007] . While this trend occurred for all seasons, with an average area reduction of~4% per decade, the most pronounced reduction has been in summer, about 12% per decade [e.g., Intergovernmental Panel on Climate Change (IPCC), 2013]. Additional to the long-term trend, there is considerable interannual variability [Serreze et al., 2007; Cavalieri and Parkinson, 2012; Kapsch et al., 2013] ; the extreme low-ice summers of 2007 and 2012 attracted great attention [Kay et al., 2008; Graversen et al., 2011; Simmonds and Rudeva, 2012; Devasthale et al., 2013; Parkinson and Comiso, 2013] . The decreasing sea ice has important consequences for the climate system and for society [e.g., Arctic Climate Impact Assessment, 2004; International Study on Arctic Change, 2010; Snow, Water, Ice and Permafrost in the Arctic, 2011]. Shrinking ice leads to an increasing importance of marginal ice zone (MIZ); hence, there is a growing interest in physical processes governing the MIZ [e.g., Zhang et al., 2012] . Prediction of sea ice is also a growing area of research [Day et al., 2014; Kapsch et al., 2014 ; also see the "Sea Ice Outlook," http://www.arcus.org/sipn/sea-ice-outlook], as is the potential for navigation of northern sea routes and exploitation of marine natural resources.
While there is broad consensus that sea-ice decline is a manifestation of anthropogenic climate change [Min et al., 2008; IPCC, 2013] , contributing to an "Arctic amplification" of that change [Serreze and Francis, 2006; Serreze and Barry, 2011] , there is limited consensus on the processes responsible. Proposed hypotheses can be divided into external forcing and internal feedbacks. Examples of the former are changes in meridional atmospheric transport of heat and/or moisture [Graversen et al., 2008 Kapsch et al., 2013; Cai and Tung, 2012] or oceanic inflow of heat [Shimada, 2006; Polyakov et al., 2007] . Examples of internal feedback processes are clouds and aerosols [Kay and Gettelman, 2009; Mauritsen et al., 2011; Liu and Key, 2014] , boundary layer processes [Bintanja et al., 2011] , and factors affecting surface albedo such as sea-ice melt [Perovich et al., 2007] , melt ponds [Schröder et al., 2014] , or snow melt [Fletcher et al., 2009a [Fletcher et al., , 2009b .
Most studies of this changing system are based on satellite data, atmospheric reanalyses, and/or modeling; however, all of these have drawbacks. Satellite products rely on uncertain retrieval algorithms and lack TJERNSTRÖM ET AL.
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Key Points:
• The importance of both large-scale dynamics and local feedback for sea-ice melt • The location of extra melt near the ice edge, due to the air-mass transformation • The role of clouds, longwave radiation and turbulent heat flux for sea-ice melt Supporting Information:
• Figure S1 • Figure S2 • Figure S3 • Figure S4 • Text S1 vertical resolution. Reanalyses suffer from lack of observations and uncertain model physics and do not include ocean/ice/atmosphere coupling. Climate models further suffer from uncertain model physics and display very large intermodel differences in the Arctic [Bony et al., 2006; Meehl et al., 2006] . Only few observational data sets exist that can be used to understand key processes: Surface Heat Budget of the Arctic Ocean (SHEBA) [Uttal et al., 2002] , Arctic Ocean Experiment 2001 (AOE-2001) [Tjernström, 2005] , Arctic Summer Cloud Ocean Study (ASCOS) . Of these only SHEBA covers an annual cycle and none cover more than 1 year.
One transient atmospheric process considered in several recent studies is advection of warm and moist air from south Devasthale et al., 2013; Kapsch et al., 2013; Pithan et al., 2014; Woods et al., 2013] . However, very few cases have been documented by direct observations [Perovich et al., 2003; Tjernström, 2005; Persson, 2012] . Most studies are either from winter, when solar radiation is negligible, or focus on the seasonal transitions between melt and freeze; none are from the MIZ.
In this paper we report on a warm-air advection episode in early August 2014, observed during the Arctic Clouds in Summer Experiment (ACSE) in the East Siberian Sea, at a time of rapid ice melt. Figure 1 shows sea-ice concentration from Advanced Microwave Scanning Radiometer 2 (AMSR2) [Spreen et al., 2008] on day of year (DOY) (defined 1.0 at 00 UTC on 1 January; all times given in UTC) 213 and 219 (1 and 7 August), for the region of interest. Over this time, the southern edge of a broad ice tongue between the New Siberian Islands and Wrangel Island, reaching almost down to the continent, moved only slightly northward, while sea-ice concentration experienced a rapid decrease over a large region. Shipboard observations allowed us to document how this warm-air advection and feedbacks from the consequent air-mass transformation created conditions conducive for triggering rapid sea-ice melt as warm air moved over melting sea ice. Figure 2 shows the expedition track.
Observations and Methods
While the overarching motivation for SWERUS-C 3 was to study Arctic Ocean carbon cycles, a primary objective of ACSE was to study Arctic clouds, their interaction with the tropospheric vertical structure, 
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response to meridional transport of air from south, and effect on the surface energy balance, and hence the ice, during the summer melt and early autumn freezeup. These goals were accomplished by deploying instruments on Oden; the instrument suite was largely modeled after ASCOS in 2008 , also on Oden, differing only in that all instruments were installed on board during ACSE.
The remote sensing instrument suite included a W-band Doppler cloud radar, a 449 MHz wind-profiling radar, a scanning Doppler lidar, and scanning multiwavelength microwave radiometers. In situ observations comprised eddy-covariance turbulent flux measurements on a mast at the bow of the ship, a weather station on the top-deck of the ship, and 6-hourly radiosondes. Additional instruments include incoming shortwave and longwave radiation, laser cloud ceilometers, and visibility sensors. Ship-borne deployment prohibits observations of upwelling surface radiation; we estimate surface emitted longwave radiation from the surface skin temperature observed with two infrared temperature sensors viewing the surface in two directions from the top deck. Surface albedo is estimated from assessing fractional coverage of open water, sea ice, snow, and melt ponds using web camera images using estimates of the albedo of each surface type [e.g., Perovich et al., 2002; Persson et al., 2002] .
Results
Large-Scale Atmospheric Setting
Oden entered pack ice near Bennett Island late DOY 210 (29 July) and remained in the ice until late DOY 222 (10 August). Sea-ice concentrations ( Figure 1 ) were initially high (>95%), with thick multiyear ice, especially in the southern portion of the track. Figure 2 shows the general weather situation. A semistationary highpressure system to the east and a low-pressure trough to the west, in which a series of low-pressure systems passed north during the start of the episode, facilitated an uninterrupted southerly flow over the area. Daily 5 day back trajectories, with receptor points 600 m above Oden's location at 00 UTC, show airmass origins from the eastern Siberian continent. The temperature over the northeast Siberian coast was up to 6°C warmer than the 1981-2010 average (National Center for Atmospheric Research/National Centers for Environmental Prediction reanalysis, http://www.esrl.noaa.gov/psd/). 
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The period of interest starts on DOY 211 (30 July) with the passing of a frontal system (Figures 3c and 3d and Figures S1a and S2a in the supporting information); this first low-pressure system was followed by weak warm fronts over the next days. After a frontal passage on DOY 213 (Figures 3 and S1b) the air flow was southerly, supported by the pressure gradient between a blocking high to the east and a trough to the west (see Figures 2 and S2c). Another significant frontal system passed near Oden during the night DOY 215-216 (Figures 3c and 3d) . The episode ended with a cold front late DOY 219 (Figures 3, S1d, and S2d), changing the airflow to come from northeast. Hence, during DOY 213 through 217 the air came more or less directly from eastern Siberia; DOY 211-212 (before) and DOY 218-219 (after) were transition periods.
Air Mass Adjustment
Time-height cross-sections of atmospheric temperature, moisture, equivalent potential temperature, and cloud radar reflectivity are shown in Figure 3 . Figure 3a indicates a 2 day warm pulse (DOY 211-212) associated with the first low-pressure system, with elevated but roughly constant maximum temperature around 10°C at~500 m. This was followed by increasing temperatures in the lower troposphere from early DOY 213, peaking at~19°C around 500 m on DOY 218.0. Except for during the first warm-air pulse maximum specific moisture (Figure 3b ) occurred below the temperature maximum; humidity also peaked earlier, at 11.7 g kg À1 , on DOY 216.5, before declining first slowly and from DOY 218 more rapidly.
As the warm continental air advected over the melting sea ice, with a near-surface air temperature only slightly above 0°C (Figure 3c ), a strong temperature inversion formed. During the core event (DOY 213 through 217), the surface inversion was~10-20°C over about 500 m, although turbulent mixing reduced the vertical temperature gradient in the lowest~100 m. Specific humidity more than doubled, from 4 g kg À1 near the surface to~9 g kg À1 at about 300 m, while the wind speed profile featured a low-level 
Clouds
The height of maximum humidity (Figure 3b ) roughly coincided with the top of a layer of fog or low clouds (Figure 3d ). Cloud base heights, liquid water path (LWP), precipitable water vapor (PWV), and horizontal visibility are shown in Figures 4a-4d . PWV is the column-integrated water vapor. Water vapor is an important greenhouse gas; it also facilitates cloud formation. LWP (column integrated cloud liquid water) , and except in (e), positive fluxes are downward. Upwelling and net solar radiation and total energy flux assume an albedo of 60%; dotted lines indicate ±10% about this. In Figure 4a , multiple values of cloud base height are given when lowest layers cover less than 100% of the sky: lowest cloud base in blue and second lowest in green, while vertical visibility (red) is only indicated for dense fog. The shaded region indicates the period with positive surface net longwave radiation. (Figures 3d and 4a) , about half to two thirds of the surface-inversion depth. Visibility remained < 1 km, and briefly dropped to < 100 m on DOY 214. Around DOY 216.0 deeper clouds, associated with a frontal passage, occurred; after this the low cloud layer became more intermittent, and LWP was reduced. However, the warm-air advection continued until DOY 218.0 ( Figure 3a) ; PWV then dropped and the episode was effectively over. In summary the warm air advection episode started with deeper clouds (DOY 210-213) was then dominated by boundary-layer clouds and fog and finally by low clouds with periods of clear skies .
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Surface Energy Balance
Our estimate of the surface energy balance (SEB) (Figures 4e-4h ) includes radiation fluxes and turbulent latent and sensible heat fluxes; fluxes are defined positive downward. Data were quality controlled, removing data affected by disturbance or shading from Oden. Useful data was obtained for about 80% of the time, except for latent heat flux that was recovered roughly 40% of the time due to known difficulties in observing moisture in the Arctic [Persson et al., 2002; Tjernström et al., 2014] . Daily averages were computed for each term before combining into net fluxes (Figures 4e-4f ). The most uncertain term is upwelling shortwave radiation (Figure 4e ), calculated from downwelling radiation and estimated albedo, α.
We show results using α = 60% ± 10%-reasonable estimates of the mean, lower, and upper bounds from reviewing webcam images [e.g., Perovich et al., 2002] . Albedo variations depended mostly on melt ponds and snow on the ice; open water was rare at this time.
Downwelling longwave radiation was larger than upwelling DOY 210.8-217 (Figure 4e ), a consequence of the low and warm clouds. An atmosphere warmer than the surface provides a necessary but not sufficient condition for downward net longwave radiation; clouds provide a substantially higher emissivity compared to clear air, necessary for positive net longwave radiation (Figure 4f ). Using the Rapid Radiative Transfer Model (RRTM) code [Mlawer et al., 1997] , using atmospheric profiles from radiosoundings as input, provides estimates of clear-sky net longwave radiation and net longwave surface cloud radiative effect (CRE LW ) (Figure 4g ). The clear-sky net longwave radiation was negative before the episode, around À70 W m
À2
, increasing to about À20 W m À2 by DOY 216.5. Then, as a consequence of the drier air arriving aloft, it decreased after DOY 217, although the temperature continued to increase for one more day; the decrease became more rapid as temperature decreased after DOY 219. CRE LW was initially~55 W m À2 but decreased after DOY 213.5 to~25 W m
. The combination of CRE LW initially and increasing clear-sky radiation later combined to keep net longwave radiation positive DOY 211.0 to DOY 217.0.
Net shortwave radiation decreased during the period, compared to before and after. This reduction was 20 W m À2 initially, decreasing slightly with time ( Figure 4f ). Although the sun remained above the horizon throughout the episode, there was a distinct diurnal cycle in net surface radiation ( Figure S4) , with large positive values at local noon and lower values with the sun low in the sky. During this episode daily maximum net radiation decreased slightly but remained positive throughout the diurnal cycle; daily periods of negative net radiation were observed before and after. The turbulent heat flux (Figure 4f ) was small initially but increased as the surface inversion strengthened and wind speed increased and became about as large as the net longwave radiation during DOY 216 and remained high until DOY 219. These factors together contributed to an increase in surface heat flux. SEB changes over time are similar for the limiting albedo assumptions, although absolute values differ within about ±10 W m À2 . Comparing to conditions before and after, this event included an additional surface energy surplus of 30-40 W m À2 at maximum (Figure 4f ).
We also calculated the relative contribution of the net shortwave and longwave radiation and turbulent energy fluxes to the total flux (Figure 4h ). During the core episode the net shortwave contribution dropped to 60-80%, while the contribution from net longwave radiation and turbulent heat fluxes increased from negative and zero contributions, respectively, to 10-20%. The contribution from the sum of these two fluxes peaked at about 40% during DOY 213. Hence, while it is clear that solar radiation is the
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largest contributor to the net surface energy flux, as expected at this time of the year, the other two fluxes significantly contribute to the surface energy flux during the core episode.
The CRE LW could arguably have been larger if the clouds had been higher into the inversion where temperatures were higher; the clouds shielded the surface from the highest temperatures. However, the fog formed as air near the surface was cooled from below passing over the melting sea ice and was confined to low levels by the resulting high static stability caused by advection of warm air aloft, maintaining the inversion structure. LWP values indicate that there must have been substantial cloud-top cooling, at least up to DOY 216. This cooling was likely balanced by a combination of latent heat of condensation and horizontal advection, maintaining the cloud and inversion. Turbulent mixing could also have contributed. Although static stability was large, the wind shear was substantial (e.g., Figure S3 ). Hence, as indicated by observations from the Doppler radar (not shown), cloud-top cooling did not lead to substantial turbulence production. For fog to lift to low stratus clouds, common for central Arctic [e.g., Tjernström et al., 2012] , would require stronger vertical mixing than observed [e.g. Shupe et al., 2013] . These more elevated clouds typically include a shallow well-mixed cloud-capped boundary layer with an inversion at cloud top and hence slightly lower temperature at cloud base than at surface.
Conclusions and Discussion
Previous studies highlighted the importance of episodic meridional transport of warm and moist air over the Arctic, for the onset of seasonal melt [Persson, 2012; Woods et al., 2013] and for the near-zero peak in the winter bimodal net-radiation probability distribution [Morrison et al., 2012] . Graversen et al. [2011] and Sedlar and Devasthale [2012] attributed the 2007 record ice melt to large-scale warm-air advection; Kapsch et al. [2013] argued the importance of longwave forcing by warm and moist air, and clouds, in springtime, preconditioning the ice in years with large melt. The majority of these studies were derived from modeling, reanalysis, and/or satellite information. Previous in situ observations of summer warm-air advection summer events over the Arctic pack ice are from well within the pack ice, e.g., SHEBA [Persson, 2012] , AOE-2001 [Tjernström et al., 2004] and ASCOS [Sedlar et al., 2011] . To our knowledge a detailed observational account of an air-mass transformation event like the one presented here has not been published before.
Using direct observations, we show a combination of factors that came together in the East Siberian Sea in summer 2014 to trigger enhanced ice melt. An important conclusion is that external forcing and local feedbacks were both important. Warm atmospheric temperatures and a strong surface inversion were a consequence of persistent advection of continental air and air-mass transformation over the melting sea ice. Formation of low-level cloud and fog was a direct consequence of near-surface cooling of air during this transformation; enhanced surface radiative effects came from the combination of the temperature inversion and fog/clouds. The inversion combined with persistent southerly flow due to the low-level jet drove the downward turbulent heat flux. The resulting vertical structure is indicative of this air-mass transformation, and it was the combination of all of these factors that provided the additional energy input at the ice surface.
We were only able to observe these processes at one, although approximately constant, distance downstream of the coast (Figures 1 and 2 ). The fact that we see a diurnal variation in the temperature near the inversion top and also in the wind-speed at maximum, as well as the presence of a nearly moistneutral layer aloft ( Figure S3c ), lends credibility to our conclusion that the factors discussed above were an inevitable result of an air-mass transformation that could only occur at the periphery of the ice pack. Already at the distance from the coast where Oden was navigating, reduced static stability by turbulent mixing is evident in the near-surface layer, clearly seen in the soundings (Figure S3a-c) . Further into the central Arctic, continued air-mass adjustment would eventually lead to a well-mixed, cloud-capped, boundary layer with the inversion base near cloud top [Tjernström et al., 2012] . The turbulent flux of sensible heat would tend to near zero [Tjernström et al., 2012] , while the cloud base would have a slightly lower temperature than the surface. Although the clouds could still warm the surface compared to clear skies, depending on the surface albedo, the net longwave radiation at the surface would be smaller than was observed here.
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Our analysis of the SEB, indicating an additional surface warming of~30-40 W m À2 at its peak, is likely an underestimate since it is based on a fixed surface albedo. In reality, the surface melt should have reduced the albedo over time, giving an increasing warming over time. The actual impact on the sea ice is however difficult to ascertain. An extra 20 W m À2 surface heating would theoretically melt an additional~4-5 cm of ice over 7 days, assuming horizontally homogeneous slab ice; in reality melting is unevenly distributed, larger where surface albedo is lower. The ice concentration in a large area, corresponding to that exposed to the warm air advection, decreased from~90-95% to around 50-60% (Figure 1 ). This was consistent with anecdotal information from Oden's crew, reporting a transition from large cohesive ice floes with intact melt ponds, causing difficulties for navigation, to patchier ice floes with melt ponds melted through providing for easier ice breaking. It is not possible to quantify the contribution of the enhanced heat flux to the decrease in ice concentration; there would have been seasonal melt regardless. Ice dynamics may also have contributed; however, the main change occurred in sea-ice concentration and not in sea-ice extent. The fact that the southern ice edge moved only marginally northward and that features in the ice cover, such as local areas with lower concentration south of Oden's track, remained roughly stationary through the event indicates that ice dynamics may not have contributed greatly.
It should be noted that this is one single event and does not represent climate. Still, the sequence of events recorded on location serves to illustrate the complexity of important, interlinked processes on different scales. To understand the broader implications of such events, our analysis could be repeated using reanalysis products. However, that raises the question of how well atmospheric models capture the processes discussed here. In particular, the formation of strong surface inversions and low clouds present significant modeling challenges, especially for climate models with poor vertical resolution. Further, comprehensive observations on several scales are needed to improve the representation of sea-ice energy budget and melting processes in models.
